Abstract: New biodegradable polymeric hydrogels based on biocompatible materials, glucose acrylate (GA) and methacrylic acid (MAA) were designed and synthesized. In the first time, the glucose-6-acrylate-1,2,3,4-tetraacetate (GATA) monomer was prepared under mild conditions. The removal of protecting acetate groups from GATA will be carried out before the polymerization and then, the corresponding water soluble glycomonomer (GA) was obtained. This deprotected glycomonomer can be polymerized in aqueous media, which points to a way to obtain polymers with applications in biomedical and biochemical fields. Hydrogel synthesis was carried out by free-radical polymerization of the co-monomers using persulfate as an initiator and N,N′-methylenebisacrylamide as crosslinker. The hydrogels was characterized by FT-IR. Equilibrium swelling studies were carried out in enzyme-free simulated gastric and intestinal fluids (SGF and SIF, respectively). The swelling behaviour of the copolymers was dependent on the content of MAA groups and caused a decrease in gel swelling in pH 1 or an increase in gel swelling in pH 7.4. Model drug, 5-aminosalicylic acid (5-ASA) was entrapped into these hydrogels and the in vitro release profile of this drug was established separately in both enzyme-free SGF and SIF. Based on the great difference in swelling ratio at pH 1 and 7.4 for these hydrogels, it appears to be good candidates for colon-specific drug delivery.
Introduction
Although oral delivery has become a widely accepted route of administration of therapeutic drugs, the gastrointestinal tract presents several formidable barriers to drug delivery. Colonic drugs delivery has gained increased importance not just for the delivery of the drugs for the treatment of local diseases associated with the colon but also for its potential for the delivery of proteins and therapeutic peptides. To achieve successful colonic delivery, a drug needs to be protected from absorption of the environment of the upper gastrointestinal tract (GIT) and then be abruptly released into the proximal colon, which is considered the optimum site for colon-targeted delivery of drugs. Colon targeting is naturally of value for the topical treatment of diseases of colon such as Chron's diseases, ulcerative colitis, colorectal cancer and amebiasis. The various strategies for targeting orally administered drugs to the colon include covalent linkage of a drug with a carrier, coating with pH-sensitive polymers, formulation of time released systems, exploitation of carriers that are degraded specifically by colonic bacteria, bioadhesive systems and osmotic controlled drug delivery systems (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . pH-sensitive hydrogels containing carboxyl groups have displayed bioadhesive properties [11, 12] . This hydrogels are not only bioadhesive, but also swell in response to a pH change. These polymers are able to protect drugs from the acidic pH of the stomach, and release it in the more basic pH of the intestine. These materials also appear to temporarily open connections between intestinal cells, allowing the drugs to pass through. Synthetic polymers containing side-chain carbohydrates are considered as high value polymeric materials because of their potential as biocompatible materials with medical applications. These applications are generally based on the fact that cell-cell interactions between oligosaccharides and lipids play an important role in various life processes [13] . Synthesis of sugar-based hydrogels has attracted biomedical researchers due to the biocompatibility and hydrophilic nature of saccharides [14] [15] [16] [17] .
In the present study we have synthesized a new copolymeric biodegradable, biocompatible hydrogel, poly[glucose acrylate) -methacrylic acid] (poly [GA-MAA] or PGM) hydrogels based on GA and methacrylic acid in different molar ratios and by free-radical polymerization. GA monomer was synthesized and characterized. The hydrogels were characterized by spectral techniques and thermal analysis. The equilibrium swelling studies were carried out in enzyme-free simulated gastric and intestinal fluids (SGF and SIF, respectively). 5-aminosalicylic acid (5-ASA) is useful for localized chemotherapy of inflammatory bowel disease (IBD), but this drug is likely to be absorbed or degraded in the stomach and small intestine before reaching the colon sites. 5-ASA was entrapped as the model drug and in vitro release profiles were established separately in enzyme-free simulated gastric and intestinal fluids (SGF and SIF, respectively). Influences of different factors, such as content of MAA in the feed monomer and swelling were studied.
Results and discussion
GATA was deprotected using a catalytic quantity of sodium methoxide in methanol from a modified literature procedure [19] . The FTIR spectrum shows the complete Odeacetylation. The carbonyl absorption peak of acetyl group at 1755 cm -1 disappears, while the absorption peak ascribed to the ester bond of the acrylate monomer 1705 cm -1 remains unchanged, and a characteristic broad absorption band corresponding to hydroxyl groups appears about 3400 cm -1 . 1 H NMR spectra of GA is shown in Figure 1 . Besides, difference in characteristics of acetyl removal in the 1 HNMR spectra of GA is observed.
Fig. 1.
1 H NMR spectrum of GA.
Firstly, the proton peak at 2.1 ppm in the GATA, give a clear evidence of the presence of acetyl groups. This signal disappears in the 1 HNMR spectra of GA. Secondly, after removal of withdrawing acetyl group; every proton signal is shifted to higher fields.
Because hydrophilic polymers and hydrogels have displayed bioadhesive properties, design and synthesis of new biodegradable and biocompatible polymeric hydrogel systems based on suger-containing monomers was the primary objective in our study. These polymeric hydrogels containing hydrophilic constituents are expected to serve not only as drug delivery matrices but also as tissue engineering scaffolds. This deprotected GA can be polymerized in aqueous media, which points to a way to obtain polymers with applications in biomedical and biochemical fields.
In vitro release studies
In order to study potential application of polymer bonded drugs (PBDs) containing 5-ASA as a pharmaceutically active compound, we have studied the drug releases behavior of the polymer under physiological conditions. The concentration of 5-ASA released at selected time intervals was determined by UV spectrophotometry at 205 nm. It appears that the degree of hydrolysis network polymers depends on their degree of swelling and reticulated degree. With increased cross-linking and an increase in the reticulated degree of the polymer, diffusion of the hydrolyzing agents in the networks polymer is reduced and the hydrolysis rate is slower.
The increase of glucose content resulted in less collapsed networks at low pH. This led to a relatively large pore size of the networks due to the bulky sugar groups. Thus, 5-ASA could diffuse readily from the gel at low pH. On the other hand, a high different hydrolysis rate for polymers at pH 1 and pH 7.4 can be related to the number of carboxylic acid groups units along the polymer chain. In low pH, polymers have a low equilibrium degree of swelling but the degree of swelling increases due to increased pH. In pH 7.4 with complete ionization and an increase in the hydrophilicity of the polymers, diffusion of the hydrolyzing agents on polymer is increased and the hydrolysis rate increased.
Conclusions
For colon-selective drug delivery, a polymer is needed that is able to withstand lower pH values, but disintegrates at the slightly alkaline pH values of the ileocecal junction and the large intestine. Novel pH-responsive hydrogels containing pendent glucose were synthesized by free-radical crosslinked copolymerization. By regulating the crosslinking percentage of the MAA copolymers, pH-sensitive hydrogels with improved optimal hydrolysis rates were obtained. The hydrolysis of the drug-polymer conjugates were performed at pHs 1 and 7.4 at 37 °C. The drug release profiles indicated that the amount of drug released depended on the degree of swelling. The swelling was modulated by the amount of crosslinking of the PBDs prepared. Based on the great difference in the hydrolysis rate at pHs 1 and 7.4, these glycopolymers appear to be good candidates for colon-specific protein delivery.
Experimental

Materials
Glucose-6-acrylate-1,2,3,4-tetraacetate (GATA) was prepared by the method described in the literature (18) . Methacrylic acid (MAA), persulfate and bis-acrylamide (CA) were purchased from Merck Co. Sodium methoxide (95%) and cation-exchange resin Dowex 50WX2-200 were purchased from Fluka and Aldrich, respectively. The solvents and reagents were obtained from Fluka. All other chemicals were of reagent grade and used as obtained.
Measurements 1 H-NMR spectra were recorded on a Bruker 400 AC spectrometer in D 2 O. The IR spectra were recorded on a Shimadzu FT IR-408 spectrophotometer. The amount of released drugs was determined on a Philips PU 8620 UV spectrophotometer at the absorption maximum of the free drugs in aqueous alkali, using a 1 cm quartz cell.
Synthesis of glucose-6-acrylate (GA) from GATA
To a solution of GATA (1.09 mmol) in 3.5 ml of a dry mixed solvent (CHCl 3 :CH 3 OH, 1:2.5 v/v) under argon atmosphere, sodium methoxide in methanol (0.75 ml, 0.03 M) was added and the mixture was stirred at room temperature for 4 h. Then, 1.5 g of cation exchange resin (Dowex 50WX2-200) was added. After 30 min, the mixture was filtered, vacuum-evaporated and the remaining material was purified by column chromatography on silica gel (chloroform: methanol, 8:2). The deprotected glycomonomer, glucose-6-acrylate (GA) was obtained as solid in 70% (Scheme 1). IR (KBr): 3400, 2937, 1705, 1620, 1225 cm -1 . 
Preparation of hydrogel
GA with different molar ratios of MAA were polymerized at 60-70 °C in a thermostatic water bath, bis-acrylamide as a cross-linking agent (CA), using persulfate as an initiator ([I] = 0.01 M) and water as the solvent (50 mL). After the desired time (48 h) the precipitated network polymers was collected, washed with deionized water for 1 week and the water was changed every 12 hours in order to remove any unreacted monomers. After washing, the samples were dried in air and stored in desiccators until use. The values are given in Table 1 .
Tab. 1. Composition of copolymers.
Polymers Molar composition of monomers in the feed GA MAA CA Percent of 5-ASAloading (%) P-1 P-2 P-3 P-4 P-5 P-6 
Drug loading in hydrogels
Subsequently, 100 mg of each hydrogels was placed in 10 ml of 5-aminosalicylic acid (5-ASA) (1 mg.ml -1 ) to suck up the total amount of the drug solution. After approximately 240 min, the completely swollen hydrogels loaded with drug were placed in desiccators and dried under vacuum at room temperature.
Determination of the amount of drug entrapped
The amount of drug entrapped in the poly[GA-MAA] hydrogels was determined by an indirect method. After the gel preparation, the washings were collected, filtered and tested using UV-VIS spectroscopy. The difference between the amount of drug initially employed and the drug content in the washings was taken as an indication of the amount of drug entrapped. The values of quantification of entrapped drug in the hydrogel based on the total amount are given in Table1.
Equilibrium swelling studies
To measure the swelling, preweighed dry drug-free hydrogels were immersed in various buffer solutions (pH 7.4 and pH 1) at 37 ºC. After excess water on the surface was removed with the filter paper, the weight of the swollen samples was measured at various time intervals. The procedure was repeated until there was no further weight increase. The degree of swelling was calculated according the relation:
where, W s and W d represent the weight of swollen and dry samples, respectively. Time-dependent swelling behavior of cross-linked polymers in pH 1 and pH 7.4 at 37º C are plotted in Figure 3 . This figure showed that swelling increases with time, first rapidly and then slowly, reaching maximum constant swelling (mass equilibrium swelling, MES). In all cases, the swelling weight reached its equilibrium after 5 hours. The equilibrium swelling ratio of the hydrogels was a function of the network structure, crosslinking ratio, hydrophilicity and degree of ionization of the functional groups. As expected, there was a drastic change in the equilibrium swelling ratio of hydrogels between pH 1 and pH 7.4. This sharp transition between the collapsed and the swollen states at pH 1 and pH 7.4 indicated that in pharmaceutical applications where these systems will be used as controlled release carriers, they could swell and collapse rapidly responding to the physiological pH change of human GI tract. Thus, when the drug-incorporated gels reached the upper small intestine, increase of the pH could induce gel swelling immediately leading to release of drug. The equilibrium swelling was dependent on the content of MAA groups units in copolymer and the reticulated degree. With increased cross-linking and an increase in the reticulated degree of the polymer, diffusion of the water in the network's polymer was reduced and the swelling was slower. The existence of hydrogen-bonding interactions between -COOH groups in the polymer matrix results in a complex structure within the network, and so the movement of polymeric segments was restricted. This also accounted for minimum swelling of the gel in a medium of pH 1. However, when the sample was placed in a medium of pH 7.4, the almost complete ionization of -COOH groups present within the polymer network not only increased the ion osmotic swelling pressure to a great extent but also enhanced the relaxation of macromolecular chains because of repulsion among similarly charged -COO-groups. These two factors ultimately resulted in a greater increase in the water uptake.
The loading numbers in Table 1 showed existence of polar functional groups as carboxylic acid was needed not only for loading drug on the polymer but also for pHsensitive properties of polymer. Hydrogen bonding was a key contributor to the specificity of intermolecular interactions in polymer bonded drugs systems. The hydrogen-bonding and electrostatic interactions increased with MAA content in the copolymer networks. The hydrogen-bonding and electrostatic interactions increased with MAA content in the copolymer networks.
Gap of equilibrium swelling values for hydrogels with higher concentration of GA in SGF and SIF were low, which clearly shows that pH-sensitivity of GA is very much smaller than MAA.
In vitro release studies
The copolymers (50 mg) were poured into 3 mL of aqueous buffer solution (SGF: pH 1 or SIF: pH 7.4). The mixture was introduced into a cellophane membrane dialysis bag. The bag was closed and transferred to a flask containing 20 mL of the same solution maintained at 37° C. The external solution was continuously stirred, and 3 mL samples were removed at selected intervals. The volume removed was replaced with SGF or SIF. Triplicate samples were used. The sample of hydrolyzate was analyzed by UV spectrophotometer, and the quantity of 5-ASA was determined using a standard calibration curve obtained under the same conditions.
